-Mammalian or mechanistic target of rapamycin (mTOR) senses nutrient, energy, and hormone signals to regulate metabolism and energy homeostasis. mTOR activity in the hypothalamus, which is associated with changes in energy status, plays a critical role in the regulation of food intake and body weight. mTOR integrates signals from a variety of "energy balancing" hormones such as leptin, insulin, and ghrelin, although its action varies in response to these distinct hormonal stimuli as well as across different neuronal populations. In this review, we summarize and highlight recent findings regarding the functional roles of mTOR complex 1 (mTORC1) in the hypothalamus specifically in its regulation of body weight, energy expenditure, and glucose/lipid homeostasis. Understanding the role and underlying mechanisms behind mTOR-related signaling in the brain will undoubtedly pave new avenues for future therapeutics and interventions that can combat obesity, insulin resistance, and diabetes. mTOR; hypothalamus; hormones; nutrients; energy homeostasis BALANCED FOOD INTAKE and energy expenditure are key to maintaining energy homeostasis, whereas impaired regulation of this balance leads to excessive weight gain and obesity. Food intake and energy expenditure are primarily controlled by the central nervous system (CNS), especially the hypothalamus, which acts as a key signaling hub linking CNS action to peripheral organ metabolism. Along with other nutrient sensors in different brain areas, the hypothalamus senses and integrates changes in circulating hormone and nutrient levels by relaying these peripheral signals to neuroendocrine cells, which signal behavioral and metabolic effectors to regulate whole body energy homeostasis (6, 53, 57, 82) .
BALANCED FOOD INTAKE and energy expenditure are key to maintaining energy homeostasis, whereas impaired regulation of this balance leads to excessive weight gain and obesity. Food intake and energy expenditure are primarily controlled by the central nervous system (CNS), especially the hypothalamus, which acts as a key signaling hub linking CNS action to peripheral organ metabolism. Along with other nutrient sensors in different brain areas, the hypothalamus senses and integrates changes in circulating hormone and nutrient levels by relaying these peripheral signals to neuroendocrine cells, which signal behavioral and metabolic effectors to regulate whole body energy homeostasis (6, 53, 57, 82) .
Extensive studies have been performed to explore the unique roles and distinct actions of several anatomically well-defined hypothalamic areas in the regulation of energy balance, including the arcuate nucleus (ARC) and ventromedial (VMH), dorsomedial (DMH), paraventricular (PVH), and lateral (LH) hypothalamus (74, 99) . In the ARC, hormone and nutrient signals from the periphery induce activity changes of two subpopulations of neurons: an orexigenic population coexpressing the neurotransmitters neuropeptide Y (NPY) and agouti-related peptide (AgRP) and an anorexigenic population coexpressing proopiomelanocortin (POMC) and cocaine-and amphetamine-regulated transcript (CART). Numerous studies have demonstrated that POMC/CART and AgRP/NPY neurons have direct synaptic connections with some neuronal populations located in the VMH, DMH, PVH, and LH, all of which have profound effects on feeding behavior, energy expenditure, and glucose homeostasis (82) .
Leptin and insulin are two important hormonal regulators of peripheral energy homeostasis, which play critical roles in mediating CNS-controlled glucose, lipid, and energy metabolism by acting on the hypothalamus. Both the insulin and leptin receptors are widely expressed in the ARC, VMH, DMH, LH, and PVH, and together or independently these two pathways can mediate their respective signals to dynamically control whole body energy homeostasis (75) . Within the hypothalamus, POMC and AgRP neurons have been identified as major targets of leptin and insulin action (75) . As an energy sensor and a downstream target of the insulin-stimulated phosphatidylinositol 3-kinase (PI3K) pathway, mTOR has emerged as a newly important player of CNS-regulated energy homeostasis. The coordinated action of the mammalian or mechanistic target of rapamycin (mTOR) in peripheral insulin target tissues and in the CNS, particularly within neuronal networks responsible for food intake and body weight, plays a key role in regulating glucose and lipid metabolism as well as energy balance. In this review, we highlight the latest findings on the central roles of hypothalamic mTOR in regulating energy balance and glucose and lipid homeostasis. We also discuss potential new targets of mTOR action and the underlying mechanisms that mediate the central regulation of energy homeostasis.
mTOR Signaling and Energy Homeostasis
The Ser/Thr protein kinase mTOR integrates various internal and external signals to regulate many cellular activities, including mRNA translation, protein synthesis, cell proliferation and growth, autophagy, lipogenesis, and thermogenesis (8, 79, 89) . mTOR exerts its biological activities in mammalian cells by forming two distinct complexes: mTOR complex 1 (mTORC1) and mTOR complex 2 (mTORC2), which differ in their components, regulation, function, and sensitivity to rapamycin.
The rapamycin-sensitive mTORC1 contains mTOR, mLST8 (mammalian lethal with SEC13 protein-8, also known as G␤L), and Deptor (DEP domain-containing mTOR-interacting protein), which are also the components of mTORC2. However, mTORC1 has its unique accessory proteins including Raptor (regulatory associated protein of mTOR) and PRAS40 (40-kDa Pro-rich Akt substrate, also known as AKT1S1). The activity of mTORC1 is stimulated by growth factors, nutrients, hormones, hypoxia, and many other factors. Growth factors and insulin promote PI3K/Akt-mediated phosphorylation of tuberous sclerosis 1/2 (TSC1/2), which leads to activation of a small GTPase Rheb (Ras homolog enriched in brain) and subsequent activation of mTORC1 and its downstream signaling cascade (4) . The mTORC1 signaling pathway could also be regulated by nutrients such as glucose and amino acids through interaction with Rag proteins, another set of small GTPases (64) . Branched-chain amino acids (BCAA) such as leucine and arginine are also potent activators of mTORC1, although the underlying mechanisms are not well understood (27) . Energy limitation, such as glucose deprivation and starvation, strongly inhibits mTORC1 activation by stimulating AMP-activated protein kinase (AMPK), which is another critical cellular energy sensor that suppresses mTORC1 activity by phosphorylating TSC2 or Raptor (19) (Fig. 1) .
Activation of mTORC1 stimulates or inhibits its downstream substrates, including 4E-binding proteins (4EBPs), 40S ribosomal protein S6 kinases (S6Ks), the autophagy inducer ULK1, PRAS40, and the growth factor receptor-binding protein-10 (Grb10) (23, 31, 53, 84) . Recently, we have identified Grb10 as a key negative feedback regulator of mTORC1 signaling (36) . On the other hand, activated mTOR/p70S6K has a negative feedback regulation on insulin signaling by phosphorylating and inactivating insulin receptor substrate (IRS) (71) . Thus, prolonged activation or overactivation of mTORC1 may result in desensitization of the insulin signaling cascade, thereby contributing to insulin resistance and obesity.
The second mTOR complex, mTORC2, contains Rictor (Raptor-independent companion of mTOR), mSin1 (mammalian stress-activated protein kinase-interacting protein), and PROTOR1/2 (protein observed with Rictor-1 and -2), which distinguishes this complex from mTORC1 (32) . Unlike mTORC1, mTORC2 activity is less sensitive to acute rapamycin treatment, although chronic drug administration may suppress its activity in some cell types and tissues (39) . The mTORC2 signaling pathway was thought to mainly regulate cellular survival, lipid metabolism, and cytoskeleton organization by phosphorylation-activating protein kinase C␣ (PKC␣), Akt, or serum-and glucocorticoid-induced protein kinase-1 (SGK1) (40) . However, there is some evidence suggesting that mTORC2 is essential for the regulation of neuronal morphology and synaptic activity (69) . A recent study shows that neuron-specific disruption of Rictor, a key regulatory subunit of the mTORC2 complex, leads to a profound increase in fat Fig. 1 . Mammalian or mechanistic target of rapamycin complex 1 (mTORC1) signaling pathway. The mTORC1 activate can be induced by hormones and growth factors (e.g., insulin, IGF-I, etc.) through a PI3K/Akt-mediated pathway, and by amino acids (mainly leucine) through Rag GTPases. On the other hand, activation of mTORC1 can be suppressed by rapamycin, mTORC1 downstream substrate Grb10, and energy deprivation-induced AMPK activation. Activated mTORC1 subsequently activates downstream S6K or inhibits 4E-BP1, resulting in protein translation, cellular proliferation, autophagy, or lipid metabolism. composition and adiposity, impaired glucose tolerance, and insulin sensitivity, indicating that Rictor plays an important role in hypothalamic regulation of energy balance (34) . In particular, ablation of Rictor in POMC neurons leads to hyperphagia, obesity, and glucose intolerance, whereas Rictor disruption in AgRP neurons shows no significant changes on energy homeostasis in mice (34) . Currently, the exact mechanisms underlying these effects of mTORC2 are still largely unknown and require greater investigation. For the remainder of our review, we will mainly be discussing the roles of mTORC1 within various neuronal populations and across different regions in the hypothalamus.
mTORC1 Signaling in the Hypothalamus
mTORC1 and its well-established downstream target S6K are widely expressed in the brain. However, the activity of mTORC1 is found rather restrictively in the hypothalamus, particularly in the ARC, PVH, VMH, and SCN (suprachiasmatic nucleus) (13, 26, 39, 58) . Within the ARC, mTORC1 activity can be detected in the vast majority (more than 90%) of AgRP neurons and in a portion (ϳ45%) of POMC neurons in rats with free access to food (13, 26) , providing an anatomical basis for the regulatory action on these neurons.
Similar to its action in the peripheral tissues, mTORC1 acts as a sensor of energy status in the hypothalamus (13, 58, 77) . Fasting and refeeding reduces and increases, respectively, phosphorylation of mTORC1, S6K1, and S6 in the medialbasal hypothalamus (MBH), including the ARC and the VMH in rats (13) , suggesting that hypothalamic mTORC1 activity is closely associated with the energy status of the animals. Nutrient-induced hypothalamic mTORC1 activity mediates central administration of leucine-decreased food intake and body weight in rats by decreasing the expression levels of Agrp and NPY while increasing POMC expression within the ARC (13, 45) . On the other hand, overnutrition impairs mTORC1 activity and decreases mTORC1 signaling in the hypothalamus, which is implicated to contribute to the development of hyperphagia, weight gain, and leptin resistance in high-fat-diet (HFD)-induced obesity (12) . Of note, nutrient-activated hypothalamic mTORC1 signaling is neuron-or area-specific. S6K phosphorylation is increased in the ARC, particularly in the AgRP neurons, but is suppressed in the VMH under fasting or in leptin-deficient ob/ob mice (58, 77) . In addition, refeeding markedly decreases mTORC1 activity in VMH and LH in both lean and obese rats (25) , suggesting that hypothalmic mTORC1 activation is neuron type and context dependent. In contrast to what was observed in the hypothalamus (12) , the activity of mTOR signaling is increased by overnutrition in some peripheral tissues such as liver and muscle (30) , and in the hippocampus of rats (12) , indicating that differential regulation of mTORC1 may exist outside the hypothalamus. However, the underlying mechanisms and related pathways require further investigation.
Manipulation of hypothalamic mTORC1 activity has a profound impact on food intake, body weight, and insulin sensitivity in rodents (2, 12, 13, 20) . Pharmacological inhibition of mTORC1 in the hypothalamus using rapamycin inhibits leucine-decreased food intake and body weight (13) . Similarly, modulation of the downstream target of the mTORC1, S6K, also leads to changes in feeding behavior and body weight (5, 12, 13). Adenovirus-mediated acute overexpression of a constitutively active S6K1 in the MBH suppresses food intake, lowers weight gain, and improves insulin sensitivity in rats, while dominant-negative S6K1 increases food intake and weight gain, suggesting a bidirectional regulation of energy homeostasis by S6K1 (5). However, several other studies show opposite results. Adenovirus-mediated overactivation or suppression of hypothalamic S6K mimics or blocks, respectively, the inhibitory effects of short-term HFD feeding on central insulin-induced suppression of hepatic gluconeogenesis and insulin sensitivity (52) . Very recently, Caron et al. (10) found that mice overexpressing DEPTOR, a known negative regulator of mTORC1, in the MBH prevents HFD-induced obesity, improves glucose metabolism and protects against hepatic steatosis, along with a reduction in food intake and feeding efficiency. The discrepancy in these studies might be due to differences between acute and long-term activation of the mTORC1 signaling and energy availability of the animals. Interestingly, while specific deletion of S6K1 in either POMC or AgRP neurons has no effects on feeding behavior and bodyweight, mTOR-S6K1 signaling in POMC neurons probably regulates hepatic glucose production and peripheral lipid metabolism, but controls skeletal muscle insulin sensitivity and glucose level in AgRP neurons (66) . These findings suggest that mTOR-S6K signaling has distinct roles in POMC and AgRP neurons. However, how mTORC1 signaling in POMC and AgRP neurons regulate distinct metabolic events is unclear. Therefore, future genetic models manipulating mTORC1 activity in distinct neuronal populations will greatly enhance our understanding of the role of mTORC1 signaling in nutrient sensing and feeding behavior.
It is well established that prolonged activation of mTORC1 signaling is closely related to aging and aging-related disease, including obesity, diabetes, and cardiovascular and neurodegenerative diseases (24, 89) . Consistently, overactivation of mTORC1 in hypothalamic neurons induces aging-associated feeding behavior and obesity (44, 83) . Mori et al. (44) found that POMC neuron-specific deletion of the Tsc1 gene, a major negative regulator of mTORC1, leads to long-term elevation of mTORC1 signaling associated not only with cellular hypertrophy but also with reduced axonal projections to the hypothalamic PVN, which are linked with hyperphagic obesity. These findings are confirmed by Yang et al. (83) , who found that Tsc deletion-induced activation of mTORC1 in POMC neurons leads to elevation of K ATP channel activity associated with age-related silencing of POMC neurons, which may contribute to hyperphagia and obesity. These studies imply that hypothalamic mTORC1 signaling may control food intake and energy homeostasis by modulating neuronal plasticity and synaptic activity, which lead to functional changes of neuronal circuits.
mTORC1 in the Hypothalamus Mediating the Effects of Hormone Regulators on Energy Homeostasis mTORC1 and leptin.
It is well established that leptin plays a major role in the regulation of feeding and energy expenditure and is thus is critical for maintaining energy homeostasis and body weight control. Through its receptors (LepRs), leptin acts on POMC and AgRP neurons to suppress food intake and promote energy expenditure, respectively (49).
A growing body of evidence has uncovered a very close link between mTORC1 and leptin signaling in the CNS. Intracerebroventricular (icv) administration of leptin activates mTORC1 in rat hypothalamus (12) , suggesting that leptin is an activator of mTORC1 signaling in the hypothalamus. In response to changes in nutrient availability and energy status, hypothalamic mTORC1 has been shown to mediate the effect of leptin to regulate food intake (13) . Inhibition of mTORC1 by rapamycin disrupts the action of leptin on feeding, suggesting that the mTORC1 signaling pathway in the hypothalamus is required for the appetite-suppressing effects of this hormone (13) . In addition, activation of mTORC1-S6K enhances the phosphorylation-dependent inhibition of AMPK by leptin (13) . Interestingly, mTORC1 has also been found to mediate leptin action on lipid metabolism and inflammation in peripheral tissues (41, 57) . Taken together, these findings highlight the importance of the mTORC1 pathway in mediating the effects of leptin. Consistent with these results, Blouet et al. (5) found that targeted deletion of MBH S6K activity in rats significantly alters hypothalamic orexigenic neuropeptide expression and leptin sensitivity, leading to changes in food intake and body weight as well as metabolic and feeding responses to fasting. In addition, mice with S6K deletion do not respond to leptin administration (12) . These data support the notion that inhibition of the mTORC1-S6K signaling pathway in the hypothalamus may contribute to the onset of leptin resistance. Another possibility by which hypothalamic mTORC1 mediates leptin's satiating effects may be through a positive feedback loop involving POMC neurons and adipose tissue. In effector T cells, for example, leptin activates mTORC1 via a PI3K-Aktdependent pathway, which in turn controls leptin production and signaling and leads to more sensitive cellular responses (57) . Whether this positive feedback regulatory loop between leptin and mTORC1 exists in the hypothalamus to control feeding behavior is unknown and requires further investigation.
AMPK is an important nutrient sensor that has broad and mostly opposing effects on the metabolic functions of mTORC1. AMPK activity is inhibited by leptin in ARC and PVH, in addition to insulin, high levels of glucose, and refeeding (43) . The effects of leptin on food intake and body weight require the suppression of hypothalamic AMPK activity (43) . S6K-dependent phosphorylation of AMPK at Ser 485/491 is required for leptin to silence AMPK activity in the hypothalamus (14) . These results imply a negative feedback regulation of AMPK by mTORC1 signaling and vice versa. The feedback regulation between mTORC1 and AMPK has also been described in the muscle, where deletion of S6K1 leads to overactivation of AMPK (1).
The endoplasmic reticulum (ER) is a cellular organelle responsible for protein translation, folding, posttranslational modification, and transportation. A chronic failure of ER function causes the accumulation of misfolded proteins, resulting in ER stress. Overnutrition-induced hypothalamus ER stress has been implicated to play a central role in insulin resistance and obesity (54, 87) and development of leptin resistance (58, 87 ). An increasing body of evidence suggests a bidirectional functional cross-talk between mTOR signaling and ER stress in the regulation of apoptosis, autophagy, hepatic lipid synthesis, and insulin resistance (3, 29) . Recently, Zhang et al. (85) reported that manipulation of activating transcription factor 4 (ATF4), an important downstream responsive element of ER stress, in the hypothalamus negatively affects insulin sensitivity in the liver and is in part mediated by the mTORC1-S6K pathway. An interesting question that remains to be answered is whether cross-talk between mTORC1 and ER stress in the hypothalamus involves the action of leptin. In addition, it is unknown whether mTORC1 signaling and ER stress regulate body weight and energy metabolism via common or distinct mechanisms.
mTORC1 and insulin. Similarly to leptin, insulin in the brain has also been recognized as an important regulator of energy homeostasis. Insulin receptor (IR) and insulin receptor substrate-1 (IRS-1) distribute throughout the brain regions with the higher expression levels in the hypothalamus (16, 74) . Insulin in the brain not only regulates neuronal function and synaptogenesis, but also modulates appetite, body weight, white fat mass, and hepatic glucose output as well as whole body energy metabolism (7, 33) . Since the pioneering work by Woods et al. (77a) showed that icv infusion of insulin markedly decreased food intake and body weight gain in baboons, a growing body of evidence demonstrates a critical role of hypothalamic insulin in the regulation of body weight and energy homeostasis (88) . Insulin administration into the third ventricle decreases food intake accompanied by decreased expression of NPY and AgRP and increased expression of POMC and CART in the ARC, which may contribute to the increased activity of ␣-melanocyte-stimulating hormone (␣-MSH) in the PVH neurons (33, 65) . Furthermore, an increase in NPY and AgRP along with a decrease in POMC and CART has been reported in the hypothalamus of streptozotocin (STZ)-induced insulin-deficient mice (33, 65) . Brain-specific deletion of IR also leads to increased food intake and mild obesity in mice (7). However, POMC-or AgRP-restricted IR knockout mice do not exhibit changes of energy homeostasis, suggesting that insulin action in POMC and AgRP cells maybe unnecessary for the steadystate control of feeding behavior and body weight (35) .
It is well established that the mTORC1 signaling pathway is activated by insulin, and, when activated, mTORC1-S6K functions as a negative feedback regulator of insulin signaling by serine phosphorylation of IRS-1/2 (38, 73) . In line with these findings, icv administration of insulin also activates the mTORC1 pathway in mouse ARC via a PI3K/Akt-dependent mechanism (48) . On the other hand, rapamycin-induced inhibition of hypothalamic mTORC1 reverses the effects of insulin on food intake and body weight (48) . Hypothalamic insulin signaling is known to be an important regulator of hepatic glucose production (HGP) in rodents (17, 51) . Overexpression of S6K in the hypothalamus abolishes, whereas overexpression of dominant-negative S6K or dominant-negative Raptor in the MBH restores the ability of insulin to suppress HGP after HFD feeding (52) . Since the MBH mediates HFD-induced insulin resistance in the liver, these results indicate that the effects of the hypothalamic mTORC1-S6K pathway on diet-induced hepatic insulin resistance may act through the suppression of insulin signaling in the MBH. Consistent with this finding, mice with MBH overexpression of DEPTOR, the negative regulator of mTORC1, show increased hypothalamic insulin signaling and reduced HFD-induced obesity and hepatic steatosis as well as improved glucose metabolism (10) . Taken together, current data demonstrate the importance of hypotha-lamic mTORC1 pathway in mediating the action of insulin to regulate energy homeostasis. mTORC1 and ghrelin. Ghrelin, a peptide hormone secreted by specialized cells in the stomach and duodenum, is the well-known gastric hormone acting in the brain to increase food intake and body weight (50, 72) . Unlike anorexigenic actions of leptin and insulin, fasting-elevated ghrelin is a feeding motivator and potently increases food intake and adiposity via actions in the hypothalamus (72) . The stimulatory actions of ghrelin on appetite and body weight are mediated through the growth factor secretagogue receptor (GHSR) in the ARC and VMH (68) . In the ARC, ghrelin rapidly increases NPY/AgRP neuronal firing and meanwhile increases the NPY and AgRP mRNA concentrations and peptide release from nerve terminals in the PVH while inhibiting POMC neuron activity (28) . Furthermore, ghrelin promotes eating by stimulating GABA inhibitory postsynaptic currents and synaptic contacts on the POMC neurons (6, 20, 70) .
Ghrelin-activated NPY/AgRP neurons have been suggested to be controlled by hypothalamic Sirtuin 1 (Sirt1)/p53 and AMPK signaling pathways, leading to inhibition of de novo lipogenesis and increased fatty acid oxidation (37, 50) . In rats, the stimulatory effect of hypothalamic ghrelin on AgRP and NPY gene expression is controlled by the homeobox domain transcription factor BSX, which involves two other transcription factors, pCREB (phosphorylated cAMP response elementbinding protein) and FoxO1 (forkhead box O1) (75) . Recent studies suggest that hypothalamic mTORC1 signaling may mediate the orexigenic action of ghrelin. Ghrelin administration through icv injection induces mTORC1 activity in the ARC accompanied by an increase in AgRP, NPY, pCREB, and FOXO1 and whose effects are blocked by central rapamycin treatment (45) . Thus, mTORC1 activity might be necessary for ghrelin-induced AgRP and NPY expression, probably through the modulation of pCREB and FOXO1 (45) . Similarly, chronic peripheral administration of ghrelin promotes weight gain and fat accumulation in wild-type but not in S6K1-deleted mice (67) .
Since ghrelin and leptin exert opposite regulatory effects on POMC and AgRP neurons in the ARC and the actions of both hormones on feeding behavior are mediated by mTORC1 activity (13, 40) , it is conceivable that mTORC1 may serve as a switch to mediate the distinct role of these two hormones in the regulation of food intake, depending upon the nutrition status and activated neuronal populations (20) . Indeed, the regulation of mTORC1 to nutritional and hormonal perturbations in the MBH depends on cell and stimulus types rather than in a uniform manner (77) .
In addition to mediating the actions of leptin, insulin, and ghrelin on feeding behavior and body weight, hypothalamic mTORC1 is also involved in controlling the actions of orexigenic thyroid hormones (TH) in ARC and anorectic GLP-1 in VMH and LH (25, 76) . Although it is still unclear how mTORC1 signaling in a distinct neuron population mediates various hormone actions to control glucose/lipid metabolism and energy homeostasis, the ability of mTORC1 to sense various nutrient and hormone signals, control gene transcription, and regulate neuronal development and plasticity suggests that mTORC1 serves as a key signaling hub that allows hypothalamic neurons to produce coordinated responses that maintain whole body energy homeostasis.
Roles of Hypothalamic mTORC1 Signaling in the Regulation of Beige Fat Development and Thermogenesis
Thermogenesis dissipates energy in the form of heat in response to environmental changes of temperature, stress, diet, and other unfavorable conditions. The brown adipose tissue (BAT) is a specialized fat tissue responsible for adaptive thermogenesis, as it contains a large number of mitochondria that generate heat through uncoupling protein-1 (UCP1) (9) . Although classical brown adipocytes, such as those that reside in the interscapular region in rodents, originate from Myf5-positive cells, brown-like adipocytes can also be induced in white adipose tissue (WAT) through a process termed "browning" or "beigeing" (22) . These recruitable brown-like adipocytes, known as beige or brite adipocytes, increase energy expenditure in mice and correlate with leanness in humans; thus, pharmacological expansion of beige fat represents a potential strategy for combating obesity and metabolic diseases (22, 61, 78) .
It is well established that CNS networks govern sympathetic nerve activity (SNA) to regulate BAT thermogenesis and energy expenditure, thereby contributing to overall energy homeostasis (22, 42, 47, 86) . In both rodents and humans, the sympathetic nervous system (SNS) is known to regulate BAT mass and activity. The activation and expansion of BAT requires the release of norepinephrine (NE) from postganglionic sympathetic nerve terminals, which in turn stimulate lipid oxidation through the ␤ 3 -adrenoreceptor (88) . In addition, the browning/beigeing of white adipocytes also involves increased NE release from the SNS; all together, the neural networks in the CNS determine sympathetic neural outflow and regulate SNA of BAT and WAT (46, 47) .
The peptides and neuronal populations in the hypothalamic areas, including the PVH, LH, DMH, ARC, and preoptic area (POA), are also important regulators of BAT thermogenesis and WAT browning (47, 86) . For example, activated POMC neurons promote, whereas AgRP neurons suppress, browning of white fat (15, 63) . The effects of hypothalamic leptin and insulin on body weight and energy utilization are believed to act, in part, through their actions on thermogenesis in BAT (60, 62) . Both hormones increase the activity of the SNS (59, 60) and stimulate the expression of UCP1 (11, 18) . Leptin is also important for beige fat development by activating SNA to WAT via stimulating PI3K signaling in the CNS (55) . A very recent study by Dodd et al. (15) demonstrates that insulin and leptin may act together on POMC neurons to promote WAT browning and weight loss. However, as an essential mediator of both leptin and insulin, whether and how hypothalamic mTORC1 is involved in the actions of leptin and insulin on the regulation of thermogenesis and WAT browning are largely unknown and deserve comprehensive investigation.
In addition to its role in the CNS, the mTOR signaling pathway has also been shown to play a direct role in regulating thermogenesis in both BAT and beige fat. Constitutive activation of mTORC1 signaling by knocking out the Tsc1 gene leads to decreased expression of UCP1 and PPAR␥ coactivator 1␣ (PGC-1␣) in BAT (81) . On the other hand, fat-specific knockout of Raptor, a positive regulator of the mTORC1 signaling pathway, increases UCP1 expression and the beigeing of WAT (56) . Recently, we have found that increasing mTORC1 signaling by fat-specific knocking out of Grb10, a negative regulator of mTORC1 signaling, suppresses UCP1 expression, decreases core body temperature and cold tolerance, and increases adiposity in mice (36) .
Much less is known about the role of hypothalamic mTORC1 signaling in the regulation of beige fat development, BAT function, and thermogenesis. In response to cold exposure, adenoviral-mediated constitutive activation of S6K1 in the MBH of rats leads to higher core temperature and elevated UCP1 levels in the BAT, whereas overexpression of dominantnegative S6K mutant reduces cold tolerance and body temperature compared with controls (5, 52) . These results suggest that central manipulation of mTORC1 signaling may promote BAT function and thermogenesis, but the underlying mechanisms are still largely unknown.
Recent studies show that mTORC1 is involved in the action of SNS. Both icv injection of rapamycin and adenovirusmediated overexpression of dominant-negative S6K substantially reduced leptin-induced renal SNA and arterial pressure in rats (21) . Melanocortin-3/4 receptors (MC3/4Rs) are known downstream mediators of the sympathetic and cardiovascular actions of leptin. Interestingly, mice pretreated with rapamycin have no response to icv injection of MTII, an activator of the MC3/4Rs that increases renal SNA or arterial pressure, indicating that mTORC1 may mediate the sympathetic and cardiovascular effects of leptin on the melanocortin system (21) . Similarly, adenoviral-mediated hypothalamic constitutive activation of S6K1 decreases leucine deprivation-stimulated energy expenditure, and the effect is mediated by modulation of corticotropin-releasing hormone (CRH) expression in a MC4R-dependent manner (80) . Very recently, Muta et al. (48) demonstrated that hypothalamic mTORC1 is also involved in insulin action on the SNS. Inhibition of hypothalamic mTORC1 with rapamycin not only reverses the suppressing central effects of insulin on food intake and body weight gain, but also abolishes insulin-stimulated lumbar SNA (48) . Because the SNS mediates the central leptin or insulin action on BAT thermogenesis, it is reasonable to postulate that hypothalamic mTORC1 may mediate the action of anorexigenic hormones on BAT function and WAT browning by regulating the SNS. Further studies will be needed to verify this possibility.
Concluding Remarks and Future Directions
As an essential energy sensor, the mTORC1 signaling pathway plays a critical role, not only in peripheral tissues but also in the CNS, in the regulation of whole body energy balance. Current data suggest that the activity of hypothalamic mTORC1 changes in response to various energy and hormone stimuli, and manipulation of this signaling pathway, has profound impacts on feeding behavior and energy expenditure as well as insulin sensitivity and glucose/lipid metabolism in rodents (Fig. 2) . Importantly, although hypothalamic mTORC1 signaling is a critical mediator of hormone and nutrient actions on whole body energy metabolism, a number of key questions remain to be answered. First, it remains unclear how mTORC1 signaling in distinct neuron population is regulated by hormonal and nutrient factors. It is also unclear how mTORC1 regulates distinct neuronal activity and function and thus the different neuronal circuits controlling energy homeostasis. In addition, it is unknown whether and how mTORC1 cross-talks to other energy sensors, such as AMPK, in the hypothalamus to control energy balance. Furthermore, ER and mitochondrial function are critical for insulin sensitivity and energy balance and are closely linked to mTORC1 signaling in the peripheral tissues. However, it remains to be determined whether mTORC1 plays a role in ER and/or mitochondrial function in the hypothalamus to regulate whole body energy metabolism. Finally, whether and how hypothalamic mTORC1 regulates the SNS outflow to BAT and WAT to regulate thermogenesis and energy expenditure are still largely unknown. In the future, animal models with nucleus-specific manipulation of the different proteins constituting mTORC1 signaling pathways, along with the use of noninvasive neuroimaging, optogenetics, and electrophysiology, will help shed light on the bona fide roles and specific cellular and molecular mechanisms of mTORC1 in the hypothalamus. Undoubtedly, fully understanding the role and the underlying mechanisms of mTOR signaling in the brain will pave new avenues for future therapeutics and medical interventions for obesity, insulin resistance, diabetes, and related metabolic disorders. Fig. 2 . Schematic model for hypothalamic mTORC1 in the regulation of whole body energy homeostasis. Current evidence shows that, in response to various hormone and nutrient signals, mTORC1 activities can be detected in the neurons of the arcuate nucleus (ARC) and ventromedial (VMH), lateral (LH), and paraventricular (PVH) hypothalamus. In the proopiomelanocortin (POMC) and agouti-reated peptide (AgRP) neurons of hypothalamic ARC, the bidirectional negative regulation between mTORC1and AMPK may regulate activity of neurons that project to and act on distinct downstream neuron populations to suppress or increase food intake as well as insulin sensitivity and glucose homeostasis in the liver and muscle. mTORC1 in hypothalamic neurons may also integrate energy signals to regulate energy expenditure by modulating sympathetic nervous system (SNS) firing to the brown adipose tissue (BAT) and white adipose tissue (WAT). Solid lines and arrows indicate the known pathways; dashed lines and arrows indicate the unknown pathways.
